Lactobacillus rhamnosus E/N is a probiotic bacterium, which synthesizes exopolysaccharides (EPS) with significant bifidogenic and antioxidant activities. e sugar composition of the EPSs produced depended on carbohydrates used as a carbon source in the growth media. Five Bifidobacterium strains were tested in vitro for their ability to utilize all the EPSs studied. e highest bifidogenic activity was revealed by EPSs obtained from Lactobacillus cultures supplemented with Gal, Lac, and Mal as the only carbon source, while significant antioxidant e ects were observed in EPSs isolated from growth media enriched with galactose, lactose, and sucrose. K e y w o r d s: Lactobacillus rhamnosus, exopolysaccharides (EPSs), antioxidant activity, bifidogenic e ect
Lactobacillus rhamnosus E/N belongs to lactic acid bacteria (LAB) and is a probiotic microorganism, which secretes significant amounts of extracellular polysaccharides. Exopolysacharides (EPSs) from LAB can exert functional e ects on foods, improve the rheology of fermented milk products, and have beneficial health e ects. In particular, LAB EPSs have immunostimulatory activities (Chabot et al., 2001; Duboc and Mollet, 2001; Jolly et al., 2002) . Moreover, these polymers enhance colonization of the gastrointestinal tract by probiotic bacteria and act as antioxidants (Hugenholtz and Smid, 2002; Badel et al., 2011) . Dal Bello and coworkers (2001) as well as Korakli and coworkers (2002) pointed to the in uence of EPS from Lactobacillus sanfranciscensis on bifidobacterial metabolism. A large group of food-grade bacteria are producers of nondigestible carbohydrates, which have bifidogenic activity (Hugenholtz and Smid, 2002) . Moreover, EPS obtained from a culture of Lactococcus lactis subsp. lactis, mainly composed of fructose and rhamnose, showed strong antioxidant capacity, i.e. the ability to inhibit hydroxyl and superoxide anion radical activities (Pan and Mei, 2010) . A majority of the bifidogenic compounds described so far were carbohydrates of plant origin (Su et al., 2007) . However, until now, no data have been published on selective stimulation of the growth of Bifidobacterium or on the antioxidant action of Lb. rhamnosus EPSs.
Heteropolysaccharides derived from Lactobacillus spp. show great variability in their monomer composition, charge, spatial arrangement, and rigidity (Duboc and Mollet, 2001) . A majority of exopolysaccharide backbones have repeating units composed of glucose, galactose, and rhamnose, which occur in di erent ratios, di erent anomeric configuration and are connected by di erent linkages. Occasionally, aminosugars such as N-acetyl--glucosamine and N-acetyl--galactosamine as well as non-carbohydrate substituents (sn-glycerol-3-phosphate, phosphate, and acetyl groups) may also be present in EPSs (De Vuyst and Degeest, 1999; Badel et al., 2011) . ere is some evidence for a correlation between the structure of EPS and its ability to interact with proteins (Ruas-Madiedo et al., 2002) . It can also be assumed that the structure-function relationships in these biopolymers are crucial for their specific biological actions such as the bifidogenic and antioxidant e ects. e knowledge of this correlation is particularly important as it provides a foundation for producing functionally valuable exopolysaccharides. Growth conditions and the medium components may , 2000) . e carbon source seems to be one of the most important factors in uencing the monomeric composition and variations in the glycosidic bonds of EPS (De Vuyst and Degeest, 1999) . Grobben et al. (1995; 1996) have reported that the composition of EPS produced by Lactobacillus delbrueckii subsp. bulgaricus depended on the culture components and conditions of cultivation of bacteria.
In the present paper, the exopolysaccharides synthesized by L. rhamnosus E/N growing on di erent sugarsupplemented media were tested in respect of their composition. e bifidogenic potential and antioxidant e ects of these EPSs were estimated as well.
Experimental

Materials and Methods
Bacterial strains and growth conditions. L. rhamnosus E/N, obtained from Biomed Serum and Vaccine Production Plant Ltd., (Lublin, Poland) , was stored at −80°C in the MRS (de Man et al., 1960) (Rasic 1990 ) (10 ml) at 37°C in test tubes. Anaerobic conditions were obtained by injecting 0.5 ml of 15% (m/v) NaHCO 3 and 0.5 ml of 20% (m/v) pyrogallol solutions in water into cotton stoppers followed by aseptic sealing of the tubes with parafilm.
For EPS extraction, Lb. rhamnosus E/N was cultivated in a bioreactor (Sartorius, Goettingen, Germany) in 1.5 l of the MRS medium supplemented with appropriate sugar (20 g/l; glucose, galactose, sucrose, maltose, and lactose) as the only carbon source. Batch culture inoculated with the Lb. rhamnosus E/N overnight culture (2.5%, v/v) was carried out for 68 h at 37°C at a constant pH of 6.3. A er isolation (by precipitation with 96% ethanol, see below) and lyophilisation, the following EPS preparations were obtained: EPS-Glc, EPS-Gal, EPS-Mal, EPS-Suc, and EPS-Lac.
Preparation of exopolysaccharides.
A er incubation, the cultures were heated at 100°C for 15 min, and bacterial cells were removed by centrifugation (4,000 × g, 30 min, room temperature). e supernatant volumes were reduced (3 times) by evaporation using a vacuum rotary evaporator (Büchi R210: 0.093 MPa, 40°C). e EPSs were precipitated by adding three volumes of chilled 96% ethanol. e mixtures were le for 24 h at 4°C. e exopolysaccharides were collected by centrifugation at 20,000 × g for 30 min at 4°C, dissolved in distilled water, and dialyzed (4,000 Da molecular weight cuto membranes, Roth, Karlsruhe, Germany) against distilled water for 48 h at 4°C. e water was changed twice. e crude freeze-dried EPSs were purified by dissolving in 15% trichloroacetic acid (TCA), and precipitated materials were removed by centrifugation (20,000 × g). e purified EPSs were exhaustively dialyzed and finally lyophilized.
Production of exopolysaccharides by Lb. rhamnosus E/N was determined by measuring protein and carbohydrate concentrations. e total sugar content was determined by the method of Dubois et al. (1956) , using glucose as a standard. e protein content was determined with the method of Bradford (1976) , using bovine serum albumin (Sigma Company, USA) as a standard.
In order to eliminate any contamination of the EPSs derived from the MRS medium (sugars and aminosugars), the same procedures were used for precipitation of high molecular weight substances from the noninoculated medium.
Compositional analysis. For qualitative analysis, the exopolysaccharides were subjected to methanolysis in 1 M HCl in MeOH (0.5 ml, 80°C, 20 h). e samples were dried and acetylated with a mixture of Ac 2 O and pyridine (1:1, v:v, 50 μl, 100°C, 30 min). e quantitative estimations of neutral and amino sugars isolated from the EPSs were based on analysis of alditol acetates. To this point, the exopolysaccharides were hydrolyzed with 2 M TFA (100°C, 4 h) and, a er drying, the samples were subjected to N-acetylation (Que et al., 2000) followed by reduction with NaBH 4 and peracetylation (Sawardeker et al., 1965) . Alditol acetates as well as acetylated methyl glycosides were analyzed using combined gas chromatography-mass spectrometry. GLC-MS analyses were carried out on a Hewlett-Packard gas chromatograph (model HP5890A) equipped with a capillary column (HP-5MS, 30 m × 0.25 mm) and connected to a mass selective detector (MSD model HP 5971). Helium was the carrier gas, and the temperature program was initially 150°C for 5 min, then raised to 310°C at a ramp rate of 3°C/min, final time 20 minutes.
Bifidogenic e ect of exopolysaccharides (in vitro assay). Prior to testing the e ect of EPS on the growth of bifidobacterial strains, an optimal basal medium was chosen. Several media were tested: 152.CECT Bifidobacterium sp. medium without a carbon source (Espinosa-Martos and Rupérez, 2009) and modified Garche's media (González et al., 2008) containing peptone 20 g/l, yeast extract 2 g/l, HCl cysteine 0.4 g/l, sodium acetate 6 g/l, MgSO 4 *7H 2 O 0.12 g/l, Na 2 HPO 4 * 12H 2 O 2.5 g/l, K 2 HPO 4 2 g/l, and lactose in concentrations from 0.1 to 3 g/l.
Lyophilized exopolysaccharides were added to the basal medium to a final concentration of 0.5% (w/v).
e growth rate of each strain of Bifidobacterium on these media was monitored by measuring optical density (OD 600 ) using a Bioscreen C instrument (LabSystem, Finland). ree hundred and fi y μl of the test media were inoculated with an overnight culture of actively growing Bifidobacterium cells (50 μl). e surfaces of the cultures were covered with 20 μl of sterile paraffin. All the experiments were carried out in honeycomb plates at 37°C for 96 h.
Antioxidant activities of EPS (measured using ABTS). e atioxidant properties of EPSs were estimated using a slightly modified method of Miller et al. (1993) . e reagents (in 5 mM phosphate bu er, pH 7.0) were present in the reaction mixture at final concentrations of 0.15 mM ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid); 0.0025 mM myoglobin, and 0.375 mM H 2 O 2 . e EPS solution in double distilled (DDI) water (0.03 ml, 5 mg/ml) was mixed with 0.03 ml of the bu er and 0.28 ml of the ABTS/myoglobin reagent followed by addition of 0.023 ml of H 2 O 2 solution in water (5.92 mM/dm 3 ) to start the reaction. Absorbance was measured every minute (700 nm, 20°C) using a 96-well microplate reader (Tecan Sunrise, Austria). Reaction time of 15 minutes was selected for the calculations of the TEAC value. e synthetic antioxidant Trolox, a water-soluble vitamin E analogue, was used as an antioxidative standard. Fi een Trolox standard solutions in the bu er (0.041 mM-0.615 mM) replaced 0.03 ml of the tested sample. Total antioxidant activity was expressed in mM of Trolox (TEAC value), which inhibited the increase in absorbance to the same degree as the EPS solution. Blanks containing EPS and without EPS were run simultaneously for subtraction of background absorbances of the tested samples.
e method of Miller et al. (1993) in modifications proposed by Re et al. (1999) was also used. A solution of ABTS (7 mM) containing potassium persulphate (2.45 mM) was prepared and le for 24 h at ambient temperature. Directly prior to analysis, the absorbance of this solution (at 700 nm) was adjusted to 0.70 ± 0.02. For measurements, 0.06 ml of the ABTS/persulphate solution, 0.1 ml of DDI water, and 0.15 ml of the tested sample (5 mg/ml) were mixed. Absorbance was read at 700 nm a er 10 min of the reaction (20°C, microplate reader, Tecan Sunrise, Austria). Twenty Trolox standard solutions in DDI water (0.4155 mM-8.31 mM) were used for the calculation of the TEAC values as described above. Blanks were run as described above.
Statistical analysis. For each experiment, the optical density was given as mean ± SD of triplicate samples from two independent experiments. e data were analyzed using the Excel statistical package. Statistical significances were determined by the Student's t-test and set at P < 0.01.
Results
Compositional analyses of exopolysaccharides. e yields of EPS produced by Lb. rhamnosus E/N varied and were dependent on the carbon source in the growth medium (Table I) . Lyophilized EPS contained from 92.05% to 97.45% carbohydrates and from 2.51% to 7.95% proteins, depending on the carbon source.
Chromatographic separation (GLC-MS) of acetylated methyl glycosides and alditol acetates obtained a er acidic degradation of the carbohydrate polymers was the basic method of qualitative and quantitative analyses of the isolated EPSs. Glucose, galactose, mannose and 6-deoxyhexose (rhamnose) were found to be constituents of the investigated preparations. e results were corrected by subtraction of sugar amounts characteristic for carbohydrate polymers precipitated from the non-inoculated MRS medium (data not shown). e contents of sugars in each EPS preparation are expressed in mol% and listed in Table II 
Bifidogenic e ect of exopolysaccharides (in vitro assay
). e basal media tested showed di erences in supporting the growth of bifidobacteria (results not shown). e best results were obtained for Garche's modified medium containing 0.1 g/l of lactose. erefore, it was chosen as a basal medium for further experiments. Bifidobacterium microcultures grown in this medium reached an OD 600 of 0.3 to 0.4, whereas those grown in original Garche's medium had an OD 600 of about 3.0.
e results of the analysis of bifidobacterial growth with Garche's basal medium supplemented with different EPS preparations showed that the growth of B. bifidum B 414010, B. animalis subsp. lactis B 41406, and B. animalis Bi30 was stimulated by all the EPSs tested. However, the growth of B. longum KN29 was not stimulated by EPS-Glc (Fig. 1) . Generally, the EPSGal, EPS-Lac, and EPS-Mal preparations showed high bifidogenic activity. For B. bifidum B 414010 grown in a medium with EPS-Glc, a long lag phase was observed followed (a er 18 h) by active cell multiplications causing the highest optical density of the culture, indicating the best bifidogenic e ect of EPS-Glc on this bacterial species. A similar growth curve was observed for B. animalis B41406 cultivated in a medium supplemented with EPS-Suc.
Antioxidant activities of EPS. e antioxidant activities of the EPS polymers were studied by two methods. e method utilizing the ABTS/myoglobin reagent is rapid and suitable for measurement of both antioxidant and prooxidant activities. e method with ABTS/potassium persulphate is suitable for detection of the free radical "scavenging" ability but not for measurement of the prooxidant action.
e antioxidant activities of the EPS-Glc, EPSGal, EPS-Suc, and EPS-Lac preparation s were proved using the ABTS/myoglobin method, whereas EPS-Mal exhibited prooxidant activity over the whole time range (Fig. 2) .
e TEAC values were calculated on the basis of the absorbance readings within 15 min a er the beginning of the reaction (Fig. 3) . EPS-Suc and EPS-Gal exhibited the highest TEAC values (0.50 mM and 0.49 mM, respectively) with an insignificant (p > 0.05) di erence between the two polymers. EPS-Lac exhibited significantly (p < 0.05) lower antioxidant activity (0.40 mM) than EPS-Suc and EPS-Gal, but significantly (p < 0.05) higher than EPS-Glc (0.08 mM). Each exopolysaccharide polymer e ectively "scavenged" ABTS radicals (Fig. 4) . However, free radicals were "scavenged" to a di erent extent by the EPSs tested. It is interesting to note that among the polysaccharides studied, EPS-Gal exhibited the highest ability to remove ABTS radicals (TEAC 6.96 mM).
Discussion
Our study clearly showed that the amount of exo poly saccharides produced by Lb. rhamnosus E/N depended on the type of the carbohydrate source in the growth medium. A similar relationship was reported by other authors, who suggested that the regulation of the EPS biosynthetic pathway in Lactobacillus and the EPS sugar composition was dependent on the carbohydrate source (Cerning et al., 1994; Grobben et al., 1995; Welman and Maddox, 2003) . It has been found that the monosaccharides occurring most frequently in EPS from various Lactobacillus strains were glucose, galactose, and rhamnose (Grobben et al., 1995) . Our results confirmed the fact that exopolysaccharides produced by Lb. rhamnosus E/N are mainly heteropolymers consisting of rhamnose, glucose, and mannose when the bacteria were grown on galactose, lactose, or maltose. Rhamnose was present in amounts comparable to the contents of glucose and mannose only when the bacteria were grown in media supplemented with lactose. Lb. rhamnosus E/N growing on saccharose as the only carbon source in the medium was able to synthesize homopolysaccharides composed of rhamnose. is is the first report about the capability of the Lactobacillus strain to biosynthesize both homoand heteropolysaccharides. Hongpattarakere et al. (2012) have proved that EPSs from marine lactic acid bacteria can be used as a pre biotic ingredient in food industry to modulate intestinal microbiota for health benefits. ese exopolysaccharides were human non-digestible carbohydrates, which might be used as an additional energy source for intestine microbiota. Bielecka et al. (2002) have shown that a range of bifidobacteria were able to utilize saccharides with a high degree of polymerization. Other authors reported that the broad range of carbohydrates (soybean oligosaccharides, galactooligosaccharides, etc.) were similar to or better than glucose in supporting the growth of bifidobacteria (Su et al., 2007; González et al., 2008) . It has been confirmed that carbohydrate metabolism varies considerably among bifidobacterial strains (Pokusaeva et al., 2011) . In the present study, the biodegradability of EPSs from Lb. rhamnosus E/N was tested in vitro using di erent species of bifidobacteria. e growth curves on media supplemented with EPSs were compared with bacterial growth on a modified basal Garche's medium containing a minimal carbon source. Our observations indicate that EPSs, which di er in monosaccharide composition, stimulate the growth of bifidobacteria at di erent rates. RuasMadiedo et al. (2002) related the susceptibility to biological degradation directly to the primary structure of the EPSs. EPSs substituents make their molecules more or less accessible to degradative enzymes. e recently characterized bifidobacterial strains possess extracellular enzymes belonging to glycoside hydrolase families 2, 13, 36, and 42, such as α-galactosidases, ß-galactosidases, and an enzyme active towards glucooligosaccharides (Pokusaeva et al., 2011) . Presence of these hydrolytic enzymes supported the metabolic and nutritional dependencies among colon microorganisms. González et al. (2008) described a novel galactose/lacto-N-biose operon with associated sugar transporters in bifidobacteria. ey reported that the bifidogenic e ect of human milk was based on complex oligosaccharides. e exopolysaccharides produced by Lb. rhamnosus E/N exhibited similar monosaccharide composition as that of the oligosaccharides described previously. In our study, we identified the particular EPSs that significantly enhanced the growth of B. bifidum, B. animalis, B. longum, and B. infantis. e present findings suggest that among the EPSs tested, EPS-Gal and EPS-Lac have the potential to promote the activity of bifidobacterial strains.
Several studies have shown that polysaccharides from bacterial and fungal sources act as antioxidants (Kodali and Sen, 2008; Guo et al., 2010; Pan and Mei, 2010) . Very limited information is available concerning the mechanisms of the antioxidant action of polysaccharides at the molecular level. Our results suggest that antioxidant activity is strongly in uenced by the substrate used in the oxidative reaction, but also show that various EPSs from Lb. rhamnosus E/N trigger diverse antioxidant e ects. ese properties may be dependent on the arrangement of monosaccharides, as well as the type of glycosidic linkages of the polysaccharide and its conformation (Kumar et al., 2007) . However, with the use two methods, ABTS/myoglobin and ABTS/potassium persulphate, a significant antioxidant e ect was observed for EPS-Gal, EPS-Lac, and EPS-Suc. In a conclusion, the EPSs produced by Lb. rhamnosus E/N grown on five di erent carbon sources showed bifidogenic and antioxidant activities. It was also found that the level of biological activity was depended on the type of exopolysaccharide. Modification of the growth medium by changing the carbohydrate source is not only a way to optimize the yield of EPS, but also to modify EPS composition. One of the valuable applications of lactic acid bacteria is the possibility to use them to compose complex starter cultures containing probiotic LAB and Bifidobacterium strains, which exhibit health-promoting characteristics.
e relationship between the physicochemical characteristics of bacterial exopolysaccharides and their biological function still remains to be elucidated. Further investigations are required to determine the physiological mechanisms of their prebiotic, bifidogenic, and antioxidant e ects.
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